INTRODUCTION
Ground-penetrating radar (GPR), usually working in frequencies from tens of MHz to several GHz, has been widely applied in mapping near-surface geologic structures (Daniels et al., 1988) . Highfrequency electromagnetic (EM) waves are sensitive to water content due to the great contrast of permittivity between water and other soil or rock components. Therefore, GPR can be applied in groundwater assessment. Especially, a time-lapse GPR measurement method is widely used to monitor the migration of water or steam in shallow (tens of meters) fractures or vadose zones (Tsoflias et al., 2001; Huisman et al., 2003; Talley et al., 2005) . To overcome the limitation of surface GPR, borehole radar is used by deploying antennas under the surface (Sato and Takayama, 2007; Kuroda et al., 2009) . Cross-hole, single-hole, and vertical radar profiling measurements have been conducted for fracture and cavity detection, metal ore exploration, and underground water assessments Sato, 2000, 2004; Ellefsen et al., 2011; Tronicke and Hamann, 2014; Yang et al., 2015) . Some novel types of GPR antennas have been designed suitable for downhole materials and structures. A typical example is polarimetric borehole radar, which can estimate target orientation and fracture roughness (Zhao and Sato, 2006 . In the currently available applications, borehole radars are deployed at a depth of tens to hundreds of meters under the Manuscript received by the Editor 9 April 2017; revised manuscript received 24 September 2017; published ahead of production 21 November 2017; published online 10 January 2018.
ground. Even deeper applications of GPR technology, for example, hydrocarbon reservoirs at a depth of up to thousands of meters, have been proposed (Chen and Oristaglio, 2002; Heigl and Peeters, 2005) . Recently, laboratory experiments have been conducted to emulate the EM response of a wideband radar on the perforations and impairments of an oil well (Oloumi et al., 2015) , and a borehole radar prototype system is under development for well logging usage (Ma et al., 2016) .
Current studies for GPR applications in oil fields have mainly focused on hydrocarbon exploration activities, in which radar antennas are designed in a logging string or drill collar for wireline logging or logging-while drilling (LWD), respectively (Heigl and Peeters, 2005; Guo and Liu, 2010; Liang et al., 2013) . However, in our view, another potential application of GPR in oil fields resides in hydrocarbon development activities. In this application, downhole GPR is thought to have capability of monitoring the movement of water and oil, and it can help to improve oil recovery efficiency when combined with a so-called smart well.
The smart well (or intelligent well) is an advanced well equipped with downhole sensors and inflow control valves (ICVs) to monitor and control hydrocarbon production (Glandt, 2005) . The well is separated into several relatively independent segments or completions by packers between the casing and tubing. ICVs segmentally control the inflow of liquids from the casing to the tubing. The valves can be choked in a one-off, discretely variable, or infinitely variable mode. Downhole electrical cables or hydraulic conduits provide remote control to the valves from the surface (Konopczynski and Ajayi, 2004) . Permanent downhole sensors continuously or semicontinuously monitor production status inside or outside the well, and the reservoir information is delivered to the surface control center through downhole communication systems (Dyer et al., 2007) . Smart wellbore facilities have been developed, and early applications have demonstrated great attraction to the oil industries (Elmsallati et al., 2005) . A simple structure of a typical smart wellbore is schematically presented in Figure 1 . Combined with a suitable monitoring and control strategy, the smart well is capable of improving reservoir management and increasing recovery efficiency (Dilib et al., 2015) .
However, a practical smart well optimization strategy is limited by poor knowledge of reservoir fluid behaviors. The task of smart well sensing technology is to acquire information from reservoirs or wells. With adequate reservoir dynamic information, data-driving feedback control strategies are realizable (Zhou et al., 2015) . In general, the downhole monitoring can be categorized into in-well sensing and reservoir imaging. In-well sensors are currently technologically mature and have been installed in realistic smart wells (Dilib et al., 2015) . Examples of successfully applied in-well monitoring techniques include pressure gauges, temperature sensors, and multiphase flow meters based on fiber optics (Kragas et al., 2003; Webster et al., 2006; Aggrey et al., 2007) . These tools can only monitor fluid changes inside or closely adjacent to the well. For sensing far away from the well, reservoir imaging technology, whether on ground or downhole, is imperative. Surface 4D seismic has been used to characterize the distributions of remaining oil through the differences of data surveyed over time (Lumley, 2001) . However, because of the long intervals of data acquirements (normally at a few years), the measurement backgrounds are usually changed, wherefore time-lapse data processing is difficult to produce the results with high accuracy, high resolution, and high signal-to-noise ratio (Watts et al., 2006) . Permanently installed downhole geophones are expected to be able to indirectly locate the displacement front, but data interpretation is difficult because of the natural insensitivity of elastic waves on fluid components (Gagliardi and Lawton, 2012) . To date, no downhole seismic has been permanently installed in a smart well system in spite of its successful applications to downhole fracturing monitoring (Silva et al., 2012) . Four-dimensional gravity can infer density changes of fluids associated with hydrocarbon production, whereby it is viable in monitoring gas-water rather than oil-water displacement (Reitz et al., 2015) . Nowadays, a downhole gravity tool exists only in a wireline logging mode, but a gravity monitoring tool permanently installed in the downhole is still unavailable (Black et al., 2016) . Recent theoretical and experimental studies found that considerable signals of streaming potential, which respond to approaching water, are detectable in a production well, and the investigation distance ranges from tens of meters up to a few hundred meters (Vinogradov and Jackson, 2011) . However, the measured magnitude is limited by the production rate, formation water salinity, and coupling coefficient between fluids and electric potential, among which the latter two are poorly understood (Saunders et al., 2012) . These reservoir imaging techniques, even though some of them are under development, are suited only for large-scale (tens to hundreds of meters) water flooding monitoring with a low-resolution requirement. In addition, the responded signals are difficult to directly image the displacement front, and data interpretation is cumbersome and uncertain. So far, a proper tool does not exist to precisely resolve the near-well region from several to tens of meters. However, the monitoring of this region is strongly required in some specific production environments. Two examples are thin oil rims produced by horizontal wells and heavy oil reservoirs produced through steam-assisted gravity drainage (SAGD). Thin oil rim reservoirs are relatively thin oil columns (in an order of a few to tens of meters), sandwiched between water and gas or shale. In the case of horizontal well production, they often encounter early water breakthrough caused by reservoir heterogeneity and wellbore pressure drop (Jansen et al., 2002) . SAGD is an enhanced oil recovery technology for heavy crude oil production. Two horizontal wells are parallelly drilled through the oil-bearing layer, with the upper for steam injection and the lower for heated oil collection (Butler, 1991) . The main challenge is to let the steam chamber grow in a controllable way to reduce the production of steam or condensate water. In both recovery environments, an investigation depth of several meters away from the well can support production optimization by means of smart wells. Figure 1 . Schematic representation of a conceptual smart wellbore in horizontal well production. Downhole cables are not presented (Poel and Jansen, 2004) .
From a more general perspective, realistic reservoirs have heterogeneous permeability or contain fractures or channels, presenting an uneven displacement front when flooded or derived. The nonuniform displacement causes premature breakthrough of undesired fluids (e.g., water, gas, or steam), and it thus reduces oil production, especially in the case of horizontal well production. If downhole imaging techniques are capable of capturing fluid changes in the reservoirs, then they can support an effective production control with the smart well (Ebadi and Davies, 2006) .
The objectives of production optimizations are to maximize oil production, minimize undesired fluid production, or gain an optimal net present value (Ebadi and Davies, 2006) . The production controls with ICVs can be either reactive or proactive (or are termed "defensive"). Reactive control adjusts the settings of ICVs after the unwanted fluids invade the well, whereas proactive control responds to flow changes measured or predicted at a distance away from the well. Downhole multiphase flow meters are commercially available, which allows for in-well water cut measurements for reactive control. Early investigations showed that a proportional reactive control, employing continuously variable ICV settings for segmental inflow adjustment, can yield a neutral or positive economic return compared with the uncontrolled conventional well, flow-fixed segmented well, and on/off reactive control productions (AddiegoGuevara et al., 2008) . Proactive control is hopeful to yield more benefits for its early warning to water invasion, whereas the applicability strongly depends on reservoir imaging technology. Currently, ongoing reservoir imaging techniques, as mentioned before, fail to monitor the near-well region (a few to tens of meters from the wells). Our previous work evaluated the feasibility of a GPR detecting water front based on EM propagation theory, and it suggested that in a relatively low-conductivity reservoir (σ < 0.02 S∕m), a detection range of 10 m is obtainable (Miorali et al., 2011a (Miorali et al., , 2011b . Based on these, we propose that borehole radar might be an effective downhole monitoring tool to support a proactive control in a thin oil reservoir production. This paper investigates the capability of borehole radars for imaging reservoirs and then quantifies its contributions to oil production. First, an integrated 3D numerical model is established by coupling multiphase flow and EM propagation modeling. The model imitates a bottom-water drive reservoir produced by a horizontal well in which radar antennas are installed. A box-scale simulation is implemented to investigate the capability of borehole radar detecting the water front in the way of time-lapse measurements. Second, to examine the effectiveness of borehole radar imaging, a reservoir-scale simulation is conducted in a thin oil rim scenario. An array of borehole radars is assumed to be distributed in a horizontal well, and the traces of received signals are gathered to image the advancing water front profile. Then, the imaging results are used to implement a proactive control procedure of smart well. Finally, to assess the potential benefits that borehole radars bring to oil production, three different production strategies are simulated and compared. A conventional well production, with no monitoring and control devices, is simulated as a reference case. The second production strategy adopts a proportional reactive control, which gradually adjusts ICVs after water breakthrough, and this control strategy is thought of as the optimum smart well production strategy in the currently technologically available level (Addiego-Guevara et al., 2008) . The third production strategy combines proactive control with proportional reactive control, and it can adjust ICVs before and after water breakthrough. In this production strategy, in addition to multiphase flow meters, the well is equipped with reservoir monitoring tools, which can be supported by our borehole radars.
WATER FRONT MONITORING USING BOREHOLE RADAR Flow modeling
Multiphase flow is simulated using an in-house reservoir simulator -Modular Reservoir Simulator (MoReS) (Regtien et al., 1995) . The flow model (labeled as model 1) is a box-shaped oil-bearing reservoir sandwiched between a shale and an active aquifer, with dimensions of 100 × 200 × 42.5 m 3 . The heterogeneous porosity and permeability are similar to the scenario in MoReS-Atlas examples (Verbruggen, 2005) . A horizontal well, with a surface production rate of 275 m 3 ∕d, is located below the shale. The principal properties of fluids and rock are listed in Table 1 , and capillary pressure is considered. The reservoir model is discretized by nonuniform grids. The region in the proximity of the wellbore, 60 × 20 × 10 m 3 , is discretized with a cell size of 0.5 × 0.5 × 0.1 m 3 . The fine gridding scheme allows simulation of a realistic oil-water transition zone. The permeability and porosity in this region are magnified, as shown in Figure 2 . Coarse gridding is applied outside this region with cell sizes of exponential growth for saving computing time and computer memory.
Radar modeling
We used GprMax, a GPR data simulator based on finite-difference time-domain (FDTD) method, to simulate EM waves propagating and scattering in the reservoir (Giannopoulos, 2005) . The main properties affecting EM wave propagation are conductivity and permittivity of the mixed media. The oil-bearing layer consists of rock matrix, crude oil, and a small portion of connate water, among which the connate water is the primary contribution to EM propagation attenuation. As analyzed by Chen and Oristaglio (2002) , reservoir conductivity is the primary constraint for borehole radar usage. Studies also found that, in a relatively high-resistivity reservoir (e.g., conductivity in an order of 10 −2 S∕m or less), when the frequency is above 100 MHz, attenuation and phase distortion become independent on frequency, and dispersion is negligible whereas attenuation is tolerable (Miorali et al., 2011a) . Such a reservoir condition is readily satisfied in realistic oil fields, and thus it is a natural regime for a true radar measurement. In the meantime, the radar frequency is not suggested to exceed a few GHz to avoid dielectric relaxation caused by water molecular polarization (Donadille and Faivre, 2015) . In the limited frequency bands, the lower operation frequency tends to achieve a larger detection range. Investigations showed that for a reservoir with a conductivity of 0.02 S∕m, water-front reflection in the range of 10 m is detectable by a commercial GPR system with the center frequency of 100 MHz (Miorali et al., 2011b) . We therefore adopt a center frequency of 100 MHz in our radar monitoring simulations, and the oil-bearing reservoir has a conductivity smaller than 0.02 S∕m. Under these constraints, the materials in the reservoirs are treated as lossy and isotropic, and the constitutive parameters are frequency independent. The comprehensive electric conductivity and permittivity are governed by the relative contents of each component in the saturated rock and their respective electric properties. Assuming the rock matrix consists of sandstone, the reservoir conductivity can be calculated by Archie' s law (Archie, 1942):
where σ t and σ w , respectively, denote the electric conductivity of the saturated sandstone and the formation water, S w is the water saturation, ϕ is the porosity, m is the cementation exponent of the rock, and n is the saturation exponent. The effective permittivity of the saturated rock is primarily dominated by the content of water for its permittivity that is much greater than that of rock and oil. The effective permittivity can be calculated with the complex refractive index model (CRIM), which is frequently used for geologic materials in the radar frequency (Birchak et al., 1974) :
where ϵ o , ϵ w , and ϵ s are, respectively, the relative permittivity of oil, water, and rock matrix, and θ ¼ ϕS w is the volumetric fraction of the formation water per unit volume of rock. The electric properties of the components used in the EM modeling are presented in Table 2 . By means of the formulas mentioned above, the multiphase flow model can be coupled with the EM model, allowing to observe the correlations between the radar responses and the water front advancing. Figure 3 diagrammatically presents the coupling procedure. Through a sequence of joint simulations at a prescribed time interval, time-lapse EM signals can be extracted by the subtraction between two consecutive EM responses. The time-lapse borehole radar measurement is similar to the 4D seismic survey on the ground (Lumley, 2001 ), but downhole measurements are able to acquire high-resolution data. The time-lapse waveforms carry only the signals reflected from the changed portions of the reservoir caused by fluid flowing. The signals from the unchanged portions, including direct and reflected waves from the heterogeneous rock, are removed by the subtraction operation. Although the method is theoretically feasible, a significant challenge remaining in field operations is how to install radar antennas in complicated downhole environments. To transmit and receive EM waves toward and from the formation, the radar antennas should be installed outside of the casing and be located as close to the formation as possible. For practical considerations, we propose to reshape the casing by attaching an additional metal bulge outside it and place the antennas inside the groove of the bulge, as depicted in Figure 4 . The redesigned wellbore does not impair the mechanical strength of the casing, whereas it increases the contact of the antennas with the formation. Antennas are restricted in a wire dipole type due to the limited space available in the cross plane of the groove. However, another general problem is that the emitted EM signals are destructively interfered by the metal body. A solution is to fill a kind of highly dielectric material inside the groove to isolate antennas from the metal component. Our previous study testified that a specific insulating filler with a certain thickness can relieve the unfavorable interference from the metal casing (Miorali et al., 2011a) . Ferrite is one of the proper filling materials for our application because it has similar electric properties to insulating materials as well as high mechanical strength like metal. The metal back cavity of the groove can act as a curved reflector behind the antenna, allowing for directional energy transmitting as well as directional signal collecting, as discussed by van Dongen et al. (2002) . Some other technical issues, such as downhole power supply and data transmission, are not discussed here because permanent downhole gauges and optical fiber monitoring systems have been successfully applied in smart wells (Glandt, 2005) . Radar transceiver modules are also possible to be installed in the limited downhole space with the development of microelectromechanical systems (Ren et al., 2014) . Based on the clarifications, we believe that it will be technically achievable for borehole radars installed in a smart well.
In the EM simulations, the well casing is deemed as a perfect conductor, and the electric properties of the insulated filler and the formation components are presented in Table 2 . The radar transmitter is treated as a Hertzian dipole source, fed by a first derivative of Gaussian pulse with a center frequency of 100 MHz. The antennas are bistatic, and the transmitter and receiver are separated by 1 m along the well. EM polarization is in the longitudinal direction of the well. The EM simulation domain is discretized by a cell size of 0.025 × 0.025 × 0.025 m 3 to satisfy Δl ≤ λ∕10, where Δl denotes the cell size and λ the minimum wave length in the propagation media. Perfectly matched layer (PML) boundary conditions are exerted to model an open propagation space in a finite simulation domain.
EM responses
The reservoir model described above is simulated to demonstrate the dynamics of fluids in the production process, and then the EM model is run to observe the time-lapse radar responses on the movement of fluids. To decrease the computational cost of 3D EM simulations, a box volume of fluid distributions, with the dimensions of 5 × 5 × 10 m 3 , is extracted at the prescribed simulation time. The investigated region is located below the borehole radars, presenting fairly realistic oil-water transition zones due to the fine meshing. Figure 5 shows the evolution of water saturation in the extracted box volume after 150 days, 165 days, 180 days, and 195 days of production, respectively. The corresponding 1D water saturation curves are extracted below the center of the EM source and receiver, as shown in Figure 6 . A gradually varying oil-water transition zone is clearly observed, and the leading edge of water displacement is 8.7, Reservoir monitoring using borehole GPR WB23 6.8, 4.7, and 2 m away from the well, respectively. In the received signal components, the electric field component that is parallel to the well (i.e., E x ) has the largest response on the water front; thus, we only recorded time-lapse E x components, as shown in Figure 7 . The waveforms show a gradually strengthened refection event, and the first arrival is, respectively, at 158.8, 123.2, 81.7, and 31.9 ns, corresponding to the approaching water front (Figures 6 and 7) . Note that other wave components, such as direct waves, residual metal interference, and background clutter arising from inhomogeneous rock pores, carry no useful signals in this application, and they have been mostly filtered by time-lapse operations. The contrast between water saturation profiles and time-lapse EM waveforms indicates that, with every passing 15 days, the water front moves forward 1.9, 2.1, and 2.7 m, respectively, and meanwhile the arrival time of the reflected wavelet, respectively, shortens 35.6, 41.5, and 49.8 ns, presenting a proportional change (Figures 6 and 7) . The positive correlation of both events makes it possible to quantitatively estimate the position or movement speed of the water front in different production regions.
For quantitative characterizations of oil-water distributions, it is required to estimate the velocity of EM wave propagating in reservoirs, thereby converting the traveltime of radar recordings into distance or depth. There are various approaches for EM wave velocity estimation in GPR measurements, whereas we propose to estimate EM wave velocity through formation dielectric permittivity for our application cases. A direct way to acquire the reservoir permittivity is to measure coring samples with a coaxial-line sample holder, as demonstrated by Shen (1985) . In addition, an indirect but cheap approach for formation permittivity acquirement is to use a socalled dielectric dispersion logging tool. This kind of wireline EM logging uses multispacing, multifrequency, and cross-polarization antenna arrays to measure attenuation and phase shift of EM wave in different radial depths (Hizem et al., 2008) . Successful field tests have been reported that the tool can simultaneously inverse the permittivity and conductivity of the virgin formation (Mosse et al., 2009) . Once the prior information of formation permittivity is acquired with the mentioned methods, the wave velocity can be calculated, and thus the water front distance can be converted from the two-way traveltime of reflected signals.
PRODUCTION CONTROLS COMBINED WITH BOREHOLE RADARS Reservoir imaging with radar array
This section investigates the capability of borehole radar array for reservoir imaging and develops a valve control method combined with radar imaging results. To assess the practical superiority of borehole radar monitoring reservoir, a production strategy, supported by our borehole radar, is quantitatively compared with a proportional reactive control strategy and an uncontrolled conventional well production.
A conceptual reservoir model (labeled as model 2) is used in this section. It is a typical reservoir scenario produced by a horizontal well under the drive of strong bottom water pressure, as depicted in Figure 8. This model is a simplified representation of a thin oil reservoir in Indiana, USA (Bryant et al., 2002) , and it has been frequently used in smart well production studies (Raghuraman et al., 2003; Bryant et al., 2004; Addiego-Guevara et al., 2008; Dilib and Jackson, 2013 Table 3 . Capillary pressure is neglected, whereas wellbore friction is considered. The model is characterized by a high-permeability channel across a low-permeability reservoir. The heterogeneous media will cause uneven water front movement, therefore giving rise to early water breakthrough. As analyzed before, the formation water content primarily controls the radar attenuation and thus the radar detection range (Miorali et al., 2011b) . In this scenario, the well is located in the oil-bearing layer in which the oil saturation is considerably high (Figure 8 and Table 3 . EM responses of 3D time-lapse GPR simulations on the 150th, 165th, 180th, and 195th day of oil production, respectively, corresponding to the water front movement shown in Figure 6 . permeability and porosity. In view of these analyses, it can be safe to assume a uniform monitoring range (approximately 10 m) for the radar sensors in different well positions.
The reservoir simulations deploy a nonuniform meshing scheme similar to the previous model. The finely gridded portion below the first completion simulates a realistic oil-water transition zone, which is the region of our interest for GPR simulations. In the simulations of array radars, the antenna configurations, boundary condition setting, and gridding scheme are the same as the previous EM model. Multiple radar antennas are distributed along the wellbore with an adjacent space of 28 m (Figure 9a) . A cluster of GPR traces (i.e., 1D time-lapse EM waveforms obtained by every individual receiver) are merged into a 2D image. Note that densely allocated sensors present a high spatial resolution for reservoir imaging, but the number of distributed sensors should be financially weighted specific to field applications. In addition, a small separation distance between the sensors is possible to arouse interference from the adjacent transmitters, but the time-lapse measurement can remove the undesired wavelets from the received signals. Figure 9 shows the snapshots of water saturation distributions in the region of interest when the water front is 8, 6, 4, and 2 m away from the well, corresponding to time-lapse radar images presented in Figure 10 . The contrasts between Figures 9 and 10 reveal that the temporal envelopes of the radar images agree well with the spatial distributions of the water front, and therefore the water front profiles are approximately reconstructed by the borehole radar array.
Production strategies
Three different production strategies, i.e., uncontrolled, reactive, and combined production strategies, are simulated. The simulations are confined in a production period of 10 years, which is approximately the production lifetime of this reservoir scenario. The wellhead production rate is fixed at 1589.83 m 3 ∕d throughout the production. We assume no limitation on inflow capacity of each individual completion. The assumption excludes the constraint of minimum well bottom pressure and allows for a broad range of ICV regulations.
In the production case of no monitoring and control, the inflow rate in the first completion is greater than the second one. Therefore, early breakthrough inevitably occurs, and oil production is hampered. The phenomenon is primarily caused by the high-permeability streak, as indicated in Figure 8 . In addition, higher pressure drawdown at the heel (the left of the well in Figure 8 ) than at the toe (the right of the well in Figure 8 ), arising from wellbore friction, speeds up the influx of fluids into the first completion, which is called the heel-toe effect (Jansen et al., 2002) .
Before water breakthrough, the reactive production has the same segment inflow rates as the uncontrolled one. After water breakthrough, we use an empirical algorithm of proportional reactive control to relieve water invading, as described by (AddiegoGuevara, 2009)
where Π k is the ICV choking coefficient for a given completion k, which is linked with the inflow rate of the corresponding completion, varying from 0, when ICV is fully closed, to 1, when the ICV is fully open; WCT k stands for the water cut reading inside a given completion k; WCT min is the lowest water cut reading among the completions; α is a constant factor specific to a production case, and it reflects the nonlinear correlations between the ICV choking velocity and the difference of the water cut readings among every completion. A strong nonlinearity signifies that the ICVs can be rapidly choked to maintain a relatively small difference of water cut readings among the segments. In this study, α is defined as 10.
In the third production strategy, we add a proactive control to the proportional reactive control, expecting to combine their advantages for greater benefit. In addition to multiphase flow meters, the well requires to be equipped with reservoir monitoring tools, which can be supported by our borehole radar imaging technology. The overall work flow of production and control is clarified in Figure 11 . In the initial period of production, both ICVs are fully open. After the water approaches the detection range of borehole radars, proactive control is activated, and a feedback control is conducted by linking ICV choking with radar imaging data. After the water breaks through the well, proactive control is terminated and proportional reactive control is initiated until the well is shut. In the stage of proactive control, we set the period of monitoring and control as seven days. Every seven days, radar array implements a set of scanning to capture the profile of fluid flow, and then a control decision is made for ICV choking or maintaining. A simple proactive control algorithm is proposed in this study, as described by
where Π t k and Π t−1 k represent the choking coefficients of the kth completion in the current and previous periods of monitoring and control, respectively, and β is the discount factor, reflecting the choking extent of ICVs relative to the previous period, and it is set as 0.5 in this study; D k denotes the distance between the kth completion and its corresponding leading displacement edge, and it can be obtained by searching the minimum traveltime of reflected waves in the corresponding radar trace gather; D max is the maximum value among all the D k s, which corresponds to the slowest flow zone; and D th is the threshold that links the distance difference of the water front to the proactive action, reflecting the tolerance extent of proactive controls to the unevenness of the water front profile, and it is set as 1 m in this case. For dual-completion smart well production, the procedure of proactive control by this formula is described as follows: (1) After water invades the monitoring range (i.e., 10 m away from the well), proactive control is started.
(2) If the water front in one completion zone moves above 1 m ahead of that in the other, the corresponding ICV is choked back at a discount factor of 0.5 to reduce its ICV inflow, and meanwhile the other completion keeps its ICV fully open. (3) If the distance difference of the water front in the two zones is within 1 m, both completions maintain their ICVs unchanged until the next period. The basic principle of the proactive control algorithm is to slow down the production in the faster flowing zone while speeding up the production in the slower one, in order to gradually flatten the water front profile. Although we adopt a well with two completions Figure 12 . Wellhead production rates of water and oil for the three production strategies.
in this scenario, the algorithm is also expected to suit multisegment smart well systems. Figure 12 records the wellhead production rates of oil and water by the three production strategies. For the conventional and reactive production strategies, there is a water-free production period of 84 days. Afterward, water breaks through the well, and the wellhead oil production rate is decreased whereas the water production rate is increased. However, after water breakthrough, the reactive production strategy still maintains a higher oil production rate and lower water production rate than the conventional well production for a long period. The combined production strategy delays the water breakthrough time for 213 days relative to the reactive production, thereby keeping a water-free production period of approximately 10 months. After the combined production encounters water breakthrough, it holds similar oil and water production rates as the reactive production because of the subsequent reactive behavior.
Figures 13 and 14 respectively show the inflow rates and water front distances of each completion by the combined production strategy. After water approaches the monitoring range, the proactive control decreases the flow rate of completion 1 until it is close to zero, whereas the flow rate of completion 2 increases due to the constant wellhead liquid rate ( Figure 13 ). In this stage, water front movement in completion 1 zone is slowed down until it is caught up with by the moving water front in completion 2 zone (Figure 14) . The effects of the proactive control can be summarized as follows: (1) balancing inflow rates of each completion and flattening water front profile, (2) delaying water breakthrough, and (3) improving sweep efficiency. Figure 15 presents the snapshots of saturation distributions after 270 days of production by the reactive and combined production strategies, respectively. We can see that, after water breakthrough has occurred in the reactive production strategy, water is still far away from the well in the combined production strategy. The obvious delay of water breakthrough is attributed to proactive control behaviors. Table 4 sums up the cumulative productions of water and oil by the three production strategies and their relative improvement percentages. Data are recorded and compared in the production periods of one year, five years, and ten years, respectively, implying a short-term, mid-term, and long-term optimization effects. Compared with the conventional well production, the reactive production strategy and the combined production strategy improve cumulative oil production and decrease cumulative water production in every production period. Relative to the reactive production strategy, the combined production strategy further decreases cumulative water production by 66.89%, 1.75%, and 0.45%, and it increases cumulative oil production by 4.76%, 0.57%, and 0.31%, respectively, in the production periods of one year, five years, and ten years. The quantitative comparisons reveal that the combined production strategy is superior to the reactive production in accelerating oil production and suppressing water production, and its advantages are more remarkable in the early stage of production because proactive control delays water breakthrough with the help of borehole radar monitoring. Reservoir monitoring using borehole GPR WB29
CONCLUSION
We establish an integrated 3D numerical model coupling EM propagation and multiphase fluid flowing, and we investigate the potential of borehole radar for reservoir monitoring in a smart well production environment. A box-scale simulation indicates that the reflected signals extracted from a time-lapse borehole radar measurement have good correspondence with the evolution of the oil-water front. Therefore, we conclude that borehole radar has a capability of detecting the changes of water and oil distributions in the near-well region of a production well. EM imaging simulations show that borehole radar arrays can reconstruct the profile of the water front in a bottom-water drive reservoir. We propose that the borehole radar array can be an effective downhole imaging tool to capture the comprehensive information of fluid dynamics in a produced reservoir.
Based on imaging data fed back from radar array, a proactive control approach is conducted to regulate completion inflow rates in smart well production. The control scheme successfully delays the water breakthrough time, and it obviously extends water-free production period. To demonstrate the practical advantages of borehole radar for oil industries, we simulate three production strategies in a thin oil reservoir produced by a horizontal well. The comparisons of production data in different production stages imply that the production strategy combining the reactive and proactive controls, which is supported by our borehole radar monitoring, can accelerate oil production and suppress water production, and that more superiority resides in short-term rather than long-term optimizations. The increase of cumulative oil will make more profits, whereas the decrease of cumulative water can save the costs of water handling. Especially, the noticeable improvement in the early production stage can accelerate the return of investment, showing an economic attraction for oil industries.
We suggest that borehole radar is a promising downhole sensor for reservoir monitoring, and it has the potential to improve recovery efficiency if combined with a proper production control strategy. The ideal application environments are thin oil reservoirs produced with the bottom-water drive. Further studies should be carried out on the selection of the reservoir types in which borehole radar monitoring can take effects, and more advanced smart well control algorithms are to be developed to gain more benefits. For field applications, antenna design and hardware manufacture are also vital. GprMax, and E. Addiego-Guevara for providing MoReS templates to simulate smart well production. We thank Shell for the permission to use the reservoir simulator in the framework of ISAPP.
